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ABSTRACT

A series of tests designed to evaluate the attenuation introduced by

a vertical wall adjucent to o horizontal field of ccatamination is
described, The variation of the resultant attenuation with height is
found to agree well with theory., Actual attenuation values measured
are higher than those theoreiically predicted by an amount equivalent
‘o approximately eight percent of the wall thickness,
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CHAPTER 1

INTRODUCTION

Withthe establishment of the Radiation Test Faciiity at the
Protective Structures Development Center, Ft, Belvoir, Virgiric a series
of continuing experiments has been initiated to evaluate the existing
analytical methods employed in radiation shelter anal ysis work, These
methods, which are based on theoretical infinite medic computations,
establish an engineering approach for detarmining the effectiveness of the
shielding provided by structures and buildings against radioactive fallout
resulting from a nuclear detonation, Detailed descriptions of the experi-
mentu! ejuipment required, the experimental methods, and calit ation
mecsurements in these present programs are reported in "Description,
Experimental Calibration, ond Analysis of the Radiation Test Facility ~f
tne Protective Structures Development Center", |

In the analysis of structures™ ~ with respect to ihe shielding
afforded rrom radioactive fallout, the level of radiation at any point within
the structure D is compared to that of a standard position D, For ease
of computation Dy is usually taken as the dose rate three feet above an
infinite, srmooth piane, contaminated to the same density, The ratic
D/D, called the reduction factor, is o measure of the effectiveness of
that part of the structure ogcinst fallout radiation, This ratio in general

terms is:
D
50 = [{ G(u)][ﬁ(xe,h)-]

where the left bracketed term represents the attenuation due to geometric
efiects, avd the right bracketed ierm represe..rs the atienvation due to o
barrier, o3 ir o buiiding wall, The barrier attcavation i3 a function of
the mass thickress (xe) of the barrier material, and the height above the
ground plane of fallout contamination, |t is this term, the barrier
attenuation, introduced by o vertical wall io a horizortal piane of con-
tamination, commonly called wall barrier factor, which it the subject of
this series of cxperiments and of this repcrt,

As the parameter of “wall barrier factor™” is fundamental to all




reduction factor determinaticns whether analytical or experimental in
nature, a series of experiments was devised to determine this parameter
accurately for various building heights and wall mass thicknesses, The
barrier factors determined from this group of experiments are used to
check the baivier factors determined by analytical methods. In addition,
they will be used in the detaiied analysis of future exneriments at this
facility involving other building configurations,

The series of experiments found in this report extends the range
over which the effects of the vertical barrier attenuation have been
measured to a height of 33 feet and to a mass thickness of 150 psf, This
range of mass thickness covers the majority of the values used in building
construction in the United States,




CHAPTER 2

DESCRIPTION OF THE EXPERIMENT

The numerizal information presented in the "Engineering Manual"z,
and its companion works, 3:4 on barrier factors is derived from a theoretical
analysis by Spencer, 3 Spencer's calculaticns of this parcmeter are based
on a detector being immersed in a semi-infinite medium, exposed’
semi-infinite plane source and "hus represents only cne-half of the izl
situation, The ottenuation calculati:u by Spencer, W(x, d) also include
all back-scattered radiation,

This series of experiments attempted to duplicote physically
the mathematical model of the analysis in that each detector was <hielded
to the rear to the extent necessary to dupiicate the effect of a semi-infinite
medium, The barrier factor of the Engineeiing Manual is numerically
equai to twice Spencer's5 function W(x, d) as the standard prcblem situation
assumes an infinite rather than semi~infinite field of contamination,
(See Figure 2,1). In the description of ihe various portions of the experi~
mental work it is, however, easier to discuss the term W(x, d).

2,1 TEST STRUCTURE

The test siructure at the Radiation Test Faciiity comsists of a
steel skeleton structure (Figure 2.2) of internal dimensisns 24 by 36 feet, -
36 feet high, with provisions for flocrs (or ceilings) ot the 12, 24, and
36 foot elevations, The exterier building columns are 14B26 | beams
which extend the height of the building, On the long dimension of
the plan area there are ten such | beams giving nine wall~panel bays,
while on the short side there arz seven | beams giving six wail-panei
bays. The ciear distance between the web of each | beam column is
approximately four feet,

The structure can be made up to represent a variety of building
configurations by assembling the concrete panels (each 4 ft, by 4 ft, by
4 in, thick) into the required modular design. In the barrier-factor
experiment only the walls were assembled; the longest (or southwast) wall
facing the simulcted contaminated field, was the only wall used for the
experiment, The assembled structure is illustrated in Figure 2,3, Since
each of the concrete panels was four inches thick, experiments were run
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Figure 2,1 - Schematic Representation of Probiem Geumetry

in increments of four inches added wall thickaess, thus providing walls
of zero, four, eight and twelve inches jotal thickness, These wall

thicknesses are equivalent to mass thicknasses of approximutely 49 psf,
98 psf and 147 psf,

Te reduce the amount of rudiation penetrating the northwest
wail which also partially faced the faiiout field fthis radiation would
be extraneous to the experiment), the thickness of this wall was main-
tained at fwelve inches for al! barrier thicknesses, The remaining two
walls, which are away from iie fieid, were four inches thick for ail
experiments,

2,2 INSTRUMENTATION

Experimental dafa were obtained using either Victoreen Moc !
362, 200 mr, or Victoreen Model 239, 10 mr, non~direct reading
ionization ~homk ~rs {dosimetess) together with o Technical Operations
Model 556 Charger Reader, Dosimeter selection was based upon the
exposure time, the seciion of the field being simulated, the thickness



Figure 2,2 - Steel Skeleton of Test Structure
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of the wall, and the location of the dosimeters with respect to the con-
taminated areq,

Prior to conducting the experiment, all dosimeters and the
charger-reader were calibrated against @ gamma source of known strength
and Bureau of Standards calibrated Victoreen R meters, All of the
dosimeters selected for use in the experiment responded to within + 2%
to the known dose, The chambers were also checked c! intervals during
the experiment using a tecondary calibration beiich with a 100 millicurie
source,

In this experiment, dosimeters were loccted inside and outside
the test structure, against the barrier wall with the interior dosimeters
located in the center of each of the nine 4 ft, panels that constitute the
span of the side wall, ot heights of 3,67, 6, 9.5, 14, 18, 21,5, 26, X
and 33, 3 feet above the dotum plane, The three foot height was not used
in this experiment since there is a recess in the panel at this elevation
for attaching mounting hooks which can be used to lift and move the slab,
These interior dosime.ers were iaped directly to the concrete wall in a
horizontal position, and shieldad on all the remaining sides with concrete
block, The purpose of this shie¢lding was to insure that the total effect
of backscottered radietion was included in the measurement in order that
direct comparisons could be made with existing theoretical calculation,
This shielding (Figure 2, 4 and Figure 2, 5) consisted of 4 inch by 8 inch
by 16 inch solid concrete blocks which were piaced about and to the
rear of every dosimeter, The units of block shielding were supported by
a system of wooden frame shelving (Figure 2,6).

Data for walls of zero mass thickness were obtained by placing
dosimeters on the exterior surface of the wall at the same elevations as
the interior dosimeters (Figur2 2,7) with :he dosimeters mounted cgainst
the concrete wall so that all the backscattered radiation wouid be present,
Consideration was given to tne thickness of the wall for this 2xperiment,
An eight-inch wall provided the required thickness (equivalent t> about
three mean free paths) necessary tc obtain essentially 100 percerit of the
infinite medium backscatterzd radiation, Hcwever, if an eight inch
wall were used, the vertical steel beams would have projected teyond
the wall face thereby introducing some shadowing of the field as viewed
by the detector, Because of the practical problems in the assembly of the
wall of the building, a four or eight inch thick wall is recessed back
from the outside fiange of the vertical | beams, A dosimeter located on




Figqure 2,4 - Dosimeter in Place
Unshielded

Figure 2, 5 - Dosimeter Shielded
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the center of a panei between the | beams will see a shadow sector pre-
sented by the outer flange of the | beam (Figure 2, 8), With a full
twelve inch wall, the exterior surface of the panels are flush with the
outer flange of the | beam, eliminating the sector shadow of the outer
flange (Figure 2, 9). For these reasons data were taken for the case of
zero mass thickness using the twelve inch concrete wail as the back=-
scattering element,

2.3 SIMULATED FIELD

The simulated fallout field at the test site was initially planned
and laid out with the intent that it be a semi-permanent part of the test
facility, used for a large number of experiments, The field (the design
of which is described in detail in Reference 1) consists of a quadrant of a
circle of 452 ft, radius, concentric with the test structure, which is
divided into four annular test areas (See Figure 2, 10), By using this
existing field for the series of barrier factor experiments the center of
the field was not located at the center of the barrier wall, but rather
was displaced 13-1/3 feet to the center of the structure (Figure 2, 11),
This displacerent creates no significant effect on the experimen: as the
detector positions were shielded by a minimum of 20 inches of concrete
(12 inches in thebuilding wall, 8 inches in the form of 4 x 8 x 16" blocks
stacked behind the detector) from the extraneous portion of the test
field*. Since only one wall of the structure was involved in the experi-
ment, the simulated field was actuatly of half symmetry for this case,

The :imulated field consists of four annular areas, each of
approximately equal contribution of rediation dosage to the standard
reference position, A contaminated field is simulated by pumping sealed
radivisotopic sources at constant velocity through a network of tubing
that occupies each of the four annulai areas, Only 2ne source is pumped
in a selected area at one time, The infinite field dose is thus the sum of
the desage received by the detector from each of the four areas plus an
estimaied contribution based on the outermost simulated area to represent
far field sources of contamination,

*That portion of the field lying behind the horizontal Tine created by the

intersection of the wall and the datum plane,
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2,4 EQUIPMENT

Throughout the entire series of experiments planned at the
Radiation Test Facility, the equipment used is basic and common to al!
experiments, It consists of a pump system, source storage container, a
sealed source, and a system of polyethylene tubing. As previously
described, the sealed source is pumped from its co.:tainer through the
tubing surrounding the test structure ond back to the storage con*~iner
thus completing an exposure, A brief description of the test eq...ment
required for this operation is presanted here. The reader is, however,
referred to Reference 1 for a more complete description including methods
of operation and operational characteristics,

The pump unit corsists of four positive displacement, propor-
tioning pumps, mechanicolly linked to a drive mechanism such that their
displocement positions are siaggsred by 90 degrees to reduce pulsirg flow,
The volume output of the pumps and hence the vaiocity of the 1iquid, and
source assembly in the tubing, may be varied either by adjustment of @
variable speed drive or by aiteration of the pump stroke.

The tubing through which the source travels is made of poly-
othylene with an additive to reduce demage from constant exposure to
sunlight, This tubing has dimensions of 0,625 inches O, D, ond 0, 375
inches I, D, Spaciai stainless fittings that join sections of tubing without
altering its inner diameter are empioyed to connect tae tubing to other
lengths of tubing or to the storage container,

The source storage container consists of a lead filled steel
shell mounted on solid rubber tires so that it is easily movable with the
use of a skid spotter, Two pairs of 3/8" I. D. stainless steel tubes, whick
house the scuice assemblies, pass through the container near its center,
The source assembly is retained in the container by a safety clamp device.
The cutput of the pump and one end of the tubing representing the test
field are connorcted to the tube of the storage containar, cortaining the
soutce, while the res sin tubing trom the field and the pump suction
tubing ure ¢ nscter to the appropriare empry storage tube which will
receive the refurning source, Operation is then achieved by releasing
the safety clamp on the souice assembly and diverting the output of *he
pumping svstem to the test loop, A schematic diagram of the systen: is
presented in Figure 2, 12

The sealed sources employed in this experiment are nominally




described as 6, 6C, and 600 curies cf Cobolt<60. These assemblies each
consist of an encapsulated Co~60 source attachad to a hydraulic piston

by means of a flexibie cable. The piston leads the source so that hydraulic
pressure on the cable side of the pitton will force the piston through the
tubing.

it AP I e 3

-

~ Filtar (75 Micran)

| r/
! ' S Y i
,gf t _Freu, Roiil;.‘“}- P ey i
b &,f :Proportianing Pump .
L

| """” I Ff;h Speed Pump
| Press. Gage | 100 GPM X 6 GPM Max,
Check &S | | | 190 GPH Max. | O Mex. |
Vaive ‘ l | H
! - N

. ‘ /) |
! [& Source Storage Simvicred Field !

- 7 r\e-\ ‘
e Y

1
N

! H La. ; .._J ya :

I ] I O

: T)\ - Chack Valve l, { \3 \',
| ‘ |

7/
4-Way Reventing Velve  —————"  Sgurce Clamp ——-—
1

|
/

- ;
N osamoure®”
~- -

Figure 2, 12 - Schematic Diagram of the Source Circulatian Sy:tem

The caiibration methods, which represent an inter-calibration with a
National Buseau of Standards calibrated Victoreen R meter, are des-
cribed in detail in Reference 1, The source strengths from this calibration,
based upon the specific irradiance of 14,0 RHF, corracted for time decay
to suly 1, 1964 are:

Source No. | 516 Curies
Source No. 2 50,4 Curies
Source No, 3 5.04 Curies
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CHAPTER 3

DESCRIPTION OF EXPERIMEIWTAL DATA

The expariment consisted of four phases, one for each of the
nominal wall thicknesses of 0, 49, 98, 147 psf. Detectors were located
at various heights from 3,67 ft. to 33. 3 ft, and were placed in @ manner
such that the data obtained, could be compared directly with that
obtained from theory,

3.1 REPRODUCIBILITY AND ACCURACY OF EXPERIMENTAL DATA

The accuracy of the data obtained is related to the standard
deviation of both the detecior response, and the determination of the mass
thickness of the panels that constitute the barrier wall, The detectors,
together with the charger-reader were calibrated and grouped into ¢ ot
that gave & response range of +2 percent to a known source strength, As
indicated in Reference 1, these detectors in two previcus experimental
test series undertaken under a wide variety of utmosoheric conditions,
source slzos and exposure times, were found to have a stordard deviation
of reproducibility of approximately 2, 3%, The standard deviation of
experimental arror related tc the instrument readings, sourc * strengths
and exposure cond'tions Is thus approximately 3%

Twenty~thres of the concrete wall panels used to constrict
the test wa!l were sclested at random and were measured and weiphed to
establish their mass thickness, Dimensionally, the panels varied by abcut
+ 1/16th inch from the basic dimersions, introducing an unceitainty of
approximately + 1/4 percent, The panels were weighed using a Baldwin
load cell calilrated to one part in a thousand against a known mass of
water, Each slob wos weighed in turn producing weights varying from
755 Ibs, to 780 ibs, The average slab weight was determined as 767 lbs,
with a standard deviation of 8 pounds, (Figure 3,1). Expressed in terms
of mass thickness tnis represented a mass thickness of 49 p.f with a
standaid deviation of (, 5 psf..

A more detailed description of error analysis is presented as
Appendix A,

3.2 NORMALIZATION OF DATA

All dosimeter reudings obtained from the experimental runs

13
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were normalized to a "per hour basis" for an equivalent contamination
density of one curie of Ccbalt-50 per square foot. Thi. is the source

density required to produce a rudiation field of 464 R/hr ot the three

foot height above an infinite, smooth, uniformly-cc ataminated plane,

Due to the lurge number of dosimeter ceadings iaken, data normalization
was programmed for an RCA 301 computer, In this programn dosimeter
readings are converted to ain R/hr basis using dosimeter calibration constants,
exposure time, source strength, and the atmospheric temperature-pres.ure
corrections, The equation used to correct readings of roentgens to a
standard curie per square foot basis is:

where
= the normclized data in (R/hr)/(curie/ft? )

= measured dose normalized 1o standard conditions
area of the cuntaminated fisld (ft2)

= source strength {curies)

i

= exposure time (hours;

3.3 DESCRIPTION OF TEST DATA

As described in the preceding chapte. dosimeters were located
at elevations of 3,67, 6, 9.5, 14, 18, 21,5, 26, 30 and 33, 3 feet on
the outside test structure wai! for the case of x = 0 psf, ond on inside of
this wall for the cases of rominal thicknesses of 4%, 98, and 147 psf, The
wall, which consisted of nine vertical four fuot panel bays, faced a
sitnulated fallout field thut represented helf symmetry geometry for the
case of the wall oniy,

As only half of the total field was contaminated the mathe-
matizal technique of summing mirror images was emploved to account for
that half of the test area not directly simulated, Thus to obtain the
values of the rudiation emerging through the wall, it is necessary, fora

17
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given elevation, to add the values of the first and ninth position (-16 and
+ 16 foot horizontal distance in the following tables, (see Figure 3. 2)

the second and eighth position, Table 3,1 is a tabulation of the horizontal
dosimeter position, etc,, while the value at the center position wes
doubled, All experimental data are normalized to roentgens per hour for
a source density of one curie per square foot and are presented in tabuiar
form in Tables 3,2 through 3, 3 grouped by mass thickness as follows:

TABLE 3,2 contains data for mass thickness X = 0 psf
TABLE 3,3 contains data for mass thickness X = 49 psf
TABLE 3,4 contains data for mass thickness X = 98 psf
TABLE 3,5 contains data for nais thickness X = 147 psf

All data ere in terms of specific dose rate which is in units of
roentgen per hour per curie ner square foot of field area,

The test areas referred to in these tables are those of Figure 2, 10,

TABLE 3,1

Horizontal Dosimeter Positions

Dosimeter Distance From Center of Wall
A +16 ft
B j-_ 12
C i 8
D +4
E 0
j - . : i - —
01\ +]\__ +8\ +{1 ¢
A AN \ N
N AN AN N
~N AN N AN /
AN N N \. /
N AN AN D
AN \ \
\ N \ \ \ . /
. N C
N N
N AN
AN AN Y -
AN B’
AN
N
\\
A

Figure 3,2 - Plan View of Dosimeter Locations Along
Experimental Wall
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TABLE 3.2
DOSLC RATES FOR O PSF BARPIER

(R/HR NCRMALIZED TO A SCURCE DENSITY OF i CURIF/SQ. FT.)

AREA L o e HALE SYMMETRY)
HEIGHT HORTZONTAL DISTANCE FROM CENTER OF BARRIER (FT.)

(FT.) =16 -12 -8 =l 0 +u +8 +12 +16
3.0 80.2 79.0  79.6 70.6  L9.7 6.7 1k.7 .89 6.0L
3.67 73.0  73.6 70.6  63.h  Lb6.7 25.1 18.¢ 9.73 6.30
6.0 51.5  52.1 50.3 Ls.5 33.5 22.0 4.3 10.1 6.L2
.5 33.1 33.1  32.5 29.L 23.L 17.7 12.7 9.08 6.L8

14.0 19.9  20.9 19.9  18.0  16.1 13.1 10.5 7.2L 5.84

18.0 1.0 1h.Lh o 1kl 13.6 12,2 10.1 8.0L  6.13 5.1k

21.5 11.0 11.0 10.8 9.7 9.21  7.18 @ 6.60 .25 L.58

26.0 7.2k 7.00  7.12 6,65 €.h2 5L 5.08 0 L.79 3.8¢

30.0 5.90  5.72 5.L3 5,25  L.85  L.67 L.k 3.AF 3.21

33.3 L.55  L.Lh LS55 L.bh h.260 3,91 3.62 0 3.33 3.0k

JREA 2 (HALF SYMMETRY)
3.0 L3.8 38.0  31i.% 27.L 24.3 20.5 17.1 15.5 13.2
3.67  L3.6 36.2  32.L  28.1 2L.1 2l.L  17.9 15,2 13.2

6.0 L3.6 5.6 32.1 27.7  2h.1 20.6 18.0  15.2 1h.2
9.8 36.6 3L.7  31.2 27.6 23.L 19.4 17.3  15.2 13.6

14.0 34.7 30.3  27.7 2.3 22.1 19.1 16.5 1.7 13.2

18.0 30.0 26.5 25,0  22.4 20.2 17.1 15,2 1.2 12,9

21.5 25,9 24,1 23,0 20.6 18.2  16.1  1L.5  13.7 11.9

26.0 23.0 20.6 20.6 17.%  16.L  1L.8  13.7  12.4 11.6

30.0 20,6 18,2 17.7 15,0 146 13.2 12,1 11.1 10.1

33.3 18.5 16.0  16.0  1il.2 3.8 12.2 11.1 10.6 9.56
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TARLE: 3.2
DOSE RATES FOR O PSF BARRIEFR
(R/HR NORMALIZED TO A SOURCE DENSITY OF 1 CURIE/SQ. FT.)

AREA 3 (HALF SYMMETRY)
HEIGHT HORIZONTAL DISTANCE FROM CENTER OF BARRIFR (FT.)

(FT.) -16 ~12 -8 -4 0 +l +8 +12 +16
3.0 26.7 L6 23.7 23.1  20.3 19.4 18.5 ;oo 16.3
3.67 27.8 26.0 23.6 23.4 ¢1.8 20.7 19.3 28.9 17.9
6.0 28.3 26.L 24.8 23.3  22.5 214 19.8 18.2 17.9
9.5 28.8 26.9 25.0  2kL.1 22.9 2.0 20.8 18.9 18.6

1L.0 28.8 27.L  25.0 2L.8 23.1 22,4 21.7 18.9 18.4

16.0 28.% 26.9 26.C 23.9 22.8 21.6 19.8 19.3 18.2

21.5 28.6 26.0 25.0 23.9 22.7 21,7 20.8 18.9 18.4

26.0 274 26.0  24.5 23.1 22.7 19.5 19.8 18.2 18,2

30.0 26.9 25.5  2L.3 23.1  21.8 20.6 19.8 18,9 17.9

33.3 26.0 23,6 24.1 22.2 20.6 20,6 19.3 17.9 18.4

AREA b (HALF SYMMEIRY)
3.0 16.7 16.1  16.0 15.5 14.L iL.9 1L4.3 1.1 13.7
3.67 18.1 17.Lh 0 17.1 16.3 6.0  15.8 15.6 1.8’ 14.8
6.0 15.L 18.7 18.7 17.6 17.h 16.6 17.1 16.4 16.4
2.5 21.0 17,9 19.4 19.2 18.} 18.3 17.9 17.4 17.1

14.0 21.% 20,3  20.L 19.1 19,2 15.1 18.7 18.} 16.1

18,0 22.3 20.5  20.9 19.9 19.6 19.2 18.7 18.4 18.L

21.5 22.3 20.9  20.L 19.7 19.4 19.2 19.5 18.7 18.4

26.0 22.5 20.9  20.7 20.0  19.7 19.6 18.7 18.7 18.4

30.0 22.5 21.3  20.9 20.4 19.9 19.8 18.7 18.9 18,1

33.3 22.7 21.8  20.7 20,2 19.9 19.7 15.0 16.7 18.7
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TABLE 3.3

DOSE RATE FOR 49 PSF BARRIER

(R/HR. NORMALIZED TO A SOURCE DENSITY OF 1 CURIE/SQ. FT.)

AREA 1 (HALF SYMMETRY)
HEIGHT HORIZONTAL DISTANCE FROM CENTER OF BARRIER (FT.)
(FT.) ~16 -12 -8 -k Q *h +8 +12 +16
3.67 1.0 15.2 140 12.2  9.83 .21  2.30  1.12 .58l
6.G 7.96  8.90 9,13  7.72 5.27  3.01 .67 L0l .519
9.5 L.68 5.03 5.15  4.L5  3.33 2,30 1.L7 812 479
14.0 2.37 2.82 2,62 2,30 1.92 1.32 .913 597 .3L5
18.0 1.27  1.52 1,47 1.24  1.09 .753  .595 .393 .2L7
21.5 i 866 .83k B2r .726 .52 405 .300  .190
26.0 427 536 L6k JL17 0 LL18 0 0333 .2l5 .201 140
30.0 .303 .333 .319 .302 .28 .2h7 0 .1M1 J1sh .110
33.3 2l 247 220 L2311 .192  .165 .1L8 J10L .093h
ARFA 2 (HALF SYMMETRY)
3.67  13.1 0 1.3 8.8  7.26 6.99  5.17  L.39 3,70 2.86
6.0 11.9  10.0 8.80  7.27 5.87 L4.80  L.25 3.50 2,61
9.5 9.7¢ 8.4  7.82  6.99 £.73  5.08  L.39 3.3 2.7k
14.0 7.67 7.55 6.85 £.15 £.01 k.39 3.57 3.22 2L
18.0 6.57 L35 S..7 L.87 L.32 3.57 3.29 2.67 2.26
21.5 5,08  5.18  L.56 L.12 3,70 2.9  2.88 2.L0 1.8%
26.0 .32 3.98 3.50 3.09 3.02 2.67 2.06 1.2 NEE
30.0 3.02  3.22  3.02 2,74 2.47  2.19 1,90 1,70 1.2
33,3 3.22 3.02 2.L7 2.24 2,04 1.94 1.84 1.43 1,33
2
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TABLE: 3.3

DOSE RATE FOR 49 PSF BARRIER

(R/HR NORT-IALIZED TO A SOURCE DENSITY OF 1 CURIE/SQ. FT.) i
| AREA 3 (MALF SYMMETRY).

HEIGHT HORIZONTAL DISTANCE FROM CENTER OF BARRIER (FT.) | |
(FT.) 16 12 I 0 +l +8 +12 +16 §
3.67 7.37  7.37  6.29 5.89 6.19 5.2L 5,01 ba7? L.22 ;
6.0  B.01 7.k3  7.02 6,29 5.50  5.30 5,06 5.1 L.22

9.5 7.91 7.32  6.83 6.43 5.89 5.70  5.60 4.2 L.b2
14.0 7.52  7.37 7.07 6.L3 5.89 5.60  5.30  L.9 L.32
18.0 7.56 7.17  6.63 5.3 5.89 5.21 5,21 L4.62 L.52
21,5 7.02  6.83  6.43  6.09 5.60 5,00 5,11 L.62 L.13
26.0 7.17 6.53 5,89 5.Lo 5.0 ° 511 4.8 L.37 L.08
30.0 6.68 6.29 5.89 5.60 5,35 5,11 L2  L.32  3.93
33.3 6.63 6.43 5.70 5.21 5,30 L.72  L.72 L.12 L.13

ARFA L (HALF SYMMETRY) _

1I
i

3.67 L.51  L.k2 3.96  3.77  L.19 3.59  3.59 3.59 3.L0
6.0 4.60  L.69  L.5S1  L.L2 L.0S L.05  3.96 L.1L 3.77
9.5 5.15  L.97  L.78  L.69 L.L2 L.51  L.69 L.23 .05
14.0 .15 5.24 5,15 5,06 L.78 L.6C  L.60 L.b2 L.k
18.0 5.70 5.L3 5.06 L.78 .88 L2 L.69 4.32 L.32

1.5 5.67 5.b,3 5.06 L.78 L.78 L.51  L.55 L.51 3.77

26.0 5.52 5.3k L.97 L.69 L.88 L.69 L.51 L.51 N
3.0 5.52 5.24 5.2L L.97 L.68 L.78 L.60 L2 .32

{0 33.3 5.89 5.52  5.01 L.97 L.97  L.83  L.78  L.L2  L.60
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TABLE: 3.1
DOSE RATE FOR %€ PSF BARRIER

(R/MR NORMALIZED TO A SOURCE DiINSITY OF 1 CURIE/SQ, FT.)

L AREA 1 (HALF SYMMETRY)
HEIGHT HORTZONTAL DISTANCE FROM CENTER OF BARRIER (FT.) -
(FT.) -6 <12 - -8 -4 0 b +8 +12 +16 fﬁ
_ == ‘ = 3
3.67 LJ11 L3 419 3.87  2.64  1.0L kg5 .225 112 3
6.0 2.21 2.58 2.1 2.07 .39  .m6 .38 .20 .10l %?
0.5 112 12 118 1.2 .81 ek .07 .67 L0899 4
10 W66 513 .51 LLWE L3785 262 167 .109  .0605 i
18.0 233 .26 .2sh .23h 206 .1k2 .103 .0701 - ,0LLO |
21.¢ 130 g0 .48 153 123 L0911l L0729 .0509  .0350 !
26.0 0745 .0818 .o78,, .0708 .0708 .0536 .OLOO  .0307  .0231 j
30.0 .obho  .078 .0bBL .OLES .0435 .036L .0286  .02k7  .0M57 i
33.3 .0350 .0372 .0322 .C31 .0286 .0250 .0218  .0175  .OLS7 §
. » AREA 2 | (HALF SYMMETRY)
3.67 k.23 3.66 2,82 2,47 228 1.59 1.52 1,03 7L
6.0 3.6 329 2.1 2,16 1.80 1.4h  1.13 977 694 ;
9.5 3.1k 2,82 2,39 2,02 1.68 1.1 1.23 .925 7L i
1.0 2.09 2.0 1.93 1.2 1lul 1.2 917 797 610 }
18.0  1.76 1.6k 146  1.28 1.2l .oz 1% 6% .55
1.5 1.39  1.39 1.26 1.18 977 .B22 690 557 Le1
26.0 1.03 .00 .899 796 756 584 520 451 .32
30.0 7L 782 76 690 .610 .57 b2k .38 292
33.3 769 .703  .610  .583  .5i0 LS Lheh L3S L318
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DOSE RATE FOR 98 PSF BARRIER

TABLE: 3.L

(R/HR NORMALIZED TC A SOURCE DENSITY OF 1 CURIE/SQ. FT.)

(HALF SYMMETRY)

AREA 3
HEIGHT HORIZONTAL DISTANCE FROM CENTER OF BARRIER (FT,)
(FT.) -16 -12 -8 =4 0 +4 +8 +12 +16
3.67 2.hk 2.16 2.06 1.8 1.85 1.6 1.55 1.4 1.2l
6.0 2,51 2,58 2,06 1.92 1.65 1.55 1.1 1.k 1.1
9.5 2.3 213 2.80 1.92 1.72 1.61  1.68 1.L8 1,37
4.0 216 2.20 1.99 1.89 1,79 1.58 1.6l 1.L8 1.30
18.0 2,32 2,16 1.9 1.85 1.75 1.55 1.5) 1.37 1,30
a.5 209 2,09 1,79 1.82 1.58 1.k4 1.37 1.30 1.17
26.0 213 1.82 1,79 1.0 1.1 1.k 1.37 1.20 .956
30.0 1.89 18 1,75 1.72 1,56 1.30 1.27 1.17 .996
33.3 2,13 1.85 1.65 1.55 1.51 1.37 1.30 1.20 1.20
— ARE& (HALF ST MMETRY)
3.67 1.2 1,23  1.06  1.07 1.5 993 1.02 .986 .978
6.0 l.ke 1.3 1.9 1.26 1.4 1.06 1.05 1.09 1.0k
9.5 1.h7  1.42 1.3k 1.3%  1.27 1.8 1.3 1.20 1.19
14.0 1.6 1.4h 1.3 1.36  1.35  1.29  1.22 1.26 1.17
18.0 1.66 1,55 1.50 1.38 1.38 1,28 1,28 1.2l 1,02
21.5 1,51 1,50 1.3 1.k 1,28 1.2 1.2 1.0 1.16
26.0 1.60 .8 1.7 1.38 0 1,35 1,30 1.30 1.2y 1.14
30.0 1.63 1.51 1.7 1.6 1.6 1.33  i.e8 1.20 1.18
33.3 1.69 L84 1.3 1.3 138 L.y 1,38 1.26 1,00
24
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TABLE: 3,5
DOSE RATE FOR 147 PSF BARRIER
(R/HR NCRMALIZED TO A SOURCE DENSITY OF 1 CURIE/SQ. FT.)

R R MR e

3.7 1,13 1,25 111 1.0 684 .273 .15 0L3s L0227

6.0 528 .58,  .568 500 .31 .16  .0708 0416  .(099

9.5 238 .27 284 .253 .87  .102  .0575 .0310  .Q179
14.0 083 .10 105  .0890 0742 .CS19 .0305  .0201  .0113
18.0 .0L37 .0LB6 .oLB2 .0LL? .0393 .025L .0193  .0135  .008%6
2.5 0229 ,0270 .0260 .025h ,0202 .O16L .0132  ,00911  .0O695
26.0 0105 L0134k .0lL1 L0126 0132 .0109 .00765  .0066L  .00L79
30.0 .00608 ,00765 .00856 .006LL .008LL .00721 ,00526 .00506  .00357

33.3 .005L0 ,0051L .00559 .0058 00573 .00551 .OOLLS .COhl?v 00374

3.67  l.27  1.0% .8%0 .11 600 .65 L3Lg 26 200
6.0 1.5 537 784 627 k70 .387  .29% .257 72
9.5 863,732 .63  .sm L60 .373 325 .233 183
14.0 600 (552 508 k26 .35 .12 L23S 197 135
18,0 L513  .LbS .38 L .295  .226 .200  .138  .1z2

2.5 87T %S L9 286 L2850 ek a7l 12
2.0 21 2l a8 A0 AR W7 23 08 L0877
0.0 a7 a7 Lam AW QB 120 100 .0ETT L0668
1.3 A83 167 113 A3 AP Lk Lo Lot Lo7ki




TABLE: 3.9
DOSE RATE FGR 147 PSF BARLIER

(R/HH, NORMALIZED T¢ A4 SONRCE DENSITY OF 1 CURIE/SQ. FT.)

AREA 3 (HALF SYMMETRY)

}.4 4
oy
.

[39)
]
.

ne
N

VAT

<

HORIZONTAL DISTANCE FROM CENTER GF BARRIER (FT.)

-6 <12 -2 0 il +6 .1 416

V728 A2 k3 .523 26 L0500 .y .370 .36

A19 560 .516 RN .L0og 375 .380 319

672 611 (P T O 1 £ B N 1 429 .375 .356
63 .859 575 eval LB L5000 L399 .372 322
bh3 600 53 L5z 4S5 391 . 399 .3L3 312
595,575 502 LLf7 i1y .380 .380 .322 .312
33 .52 L7703 Lk L3800 L3l .32 .278
L3 L4730 L5300 kel L3950 L3670 31T .302 . 268

33 ‘3 -585 aglé aL’hh ohlh »382 1365 |3hl -311 -309
ARTA U (HALF SYMMETRY)

5.57 371 329 .310 300 312 295 .292 271 LOTE

&.0 410 373 .355 3LO 296 293 269 310 L

(o] D

LS 3

LIE 3t 377 3700 3sE 330 L30g 328 3

A2y 409 L4l7 NREA L3y L30 3l LA . oho

Lo Liyn L1 L 390 L3k Lisl L30T 3T
RIT 37 03 07 65 L3451 o0 RERE EER
RANS 437 Ll .26 L3 L30T .l LG S
R e NIRS 107 LO0 RRtats) R R RIS
RIERS L7 A6 L7 S LA e
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CHAPTER 4

ANALYSIS OF DATA

The barrier factor depends upon the weight per unit arec of
the barrier, the type of material, the energy spactrum of the radiation
Jnd the angular distribution of the radiatior striking the barrier. Spencer
has made extensive calculations involving the use of the Moments Method
to determine the attenuation introduced by a vertical barrier adjacen?
to a horizontal field of contamination, The series of experimental
measurements described in this report have been made (1) tc test the
validity of calculated barrier factors, and (2) to develop experimentally
valid barrier factors for limited strips of contamiration,

4,1 THE EXPERIMENT AS AN APPROXIMATION -5 THE COMPUTED
VALUES OF BAPRIER FACTOR

The theoretical computation of barrier factor is based on an
idealized geometry that may only be epproximated during actual testing,
It is thus necessary to estimate the effects of these approximations in order
that the experimentally obtained data may be compared with that predicted
by analytical means, The prinziple approximations are: (1) the experi-
mental fieid, while fiat in noture, is not a smooth plane in the mathe~
matical sense, as in the theoretical caze, and (2) the simulated field of
contamination is not infinite in extent,

if the interface between earth and air is a rough rather than a
smooth surface, a reduction in intensity is to be expected of lower detector
positions, Cne method of treating ground irregulurities (roughness, roiling
effect) assumes that the source can be considered to be buried beneath a
layer of soil in an infinite smooth plane, the depth of the hypothetical
layer of soil depending upon the roughness of the ground, The reduction
in dose rare due to the ground roughness is then considered .o be equival=nt
to the number of mean free paths of <oil overlaying the source, Experi-
mental information necessary to check the accuracy of this method hus
been difficult to obtain, however, because of the difficulties in
simulating and describing reughness in a meaningful way,

However, an astimate of the effect of ground roughness is
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required if the data nbtained are to be interpreted in a realistic way,
Such an estimate was cbtained erperimentally by investigating the effects
of groun:d roughness on the output of the test field, This experiment is
described in detail in Reference 1, In brief, the experiment consisted
of mecsuring the dese rate (in the absence of a test structure) at altitudes
ranging fiom 1 to 33 feet cbove un “infinite" contaminated field and the
comparison of these vesuits with those theoretically computed, The
experimentally measured dose raie fov an infinite plane source, computed
from the fields simulated in this experiment, are shown in Figure 4,1,
together with a theoretical curve based upor the work of Spencer,
Comparison of the two. indicates that the measured dose rate agrees ‘vith
the theoretical values (within experimental accuracy) for detector heights
above about & feet, The disciepancy at lower altitudes is attributed to
deviations of the terrain from flatness, If the terrain deviates from mathe-
matical flatness the lower detectors ar. shadowed by the raised portions
of the field for sources of contamination located at a large distance from
the detector, A "multiplicative factor" to correci experimentally obtained
dose values for ground roughness was then determined by taking the ratic
of the theoretical to experimental dose rates, The resulting multiplicative
factors as a function of height are shown in Table 4,1,

The second approximation of the experiment to the theoretical
situation lies in the fact that it is impossible to simulate an infinite field
of contomination, Previous experiments, however, have indicated that
a field extending to about ten times the structure height or one mean
free path radius whichever is greater, is sufficient to provide mest of the
dose that would hcve been received from a truly infinite field, An
analytical experimental procedure has been developed to esiimate the
attenuation afforded by a structure to radiation originating beyond the
outermost experimental area, The basis for this procedure is that the
angular distribution of radiation striking o vertical wali from sources at
extremely large distances from the wall is not much different than that
obtained from a contaminated field whose radius is greater than ten times
the wall height., Thus the attenuation afforded by the structure to radiation
from either far field contamination or the ourermost simulated field is
virtually identical, A detailed explanation of this calculation is presented
in Reference 1,

If this estimate is expressed in mathematical form (See Figure 4, 2),
the dose arising from sources of contamination lying in the area extending
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Figure 4, 1 - The Experimental and Theoratical Variation of
infinite Field Dose Rate with Altitude

TABLE 4,1

INFINITE FIELD GROUND RQUGHNESS MULTIPLICATIVE FACTORS

DETECTOR HEIGHT MULTIPLICATIVE
(Fest) FACTOR
3.6 1,08
6.0 1,02
9.6 1.01

14 1.00

18 1.00

21,5 1.0

. 1.00

30 1,00

33.3 1,00
29




frem radius r, to infinity to that arising from contamination existing in
the area bounded by o Ty is

Deh,r =) E, (up ) + 0.55¢Po

: Ratio = Bt 1) = 2 - -
I o E](ppi) - E] (ppo) + 0,55(e *Pi-e Ppo)
, where
§ E] = exponential integral of the first kind
§ h = detector height
r,r = radii (see Figure 4,2)

p.p_ = slant radii (see Figure 4, 2)

ito

This equation has been evaluated for the experiment under discussion and
is tabulated in Table 4,2 as a function of height, (See Appendix | for
an estimate of the accuracy of this procedure),

4,2 COMPARISON OF EXPERIMENTAL AND THEORETICAL DATA

Measurements of the dose rate behind the exposed wall of the
test structure were made at nine differeni heights at nine horizontal
positions, Detector positions were symmetrically located with respect
to the simulated contaminated area (as described in Chapter 3), and the
readings of these symmetrically located detectors were combined to
achieve results equivalent to contamination of the entire field external
to the test wall, This combination of readings of symmetrically located
detectors results in five distinct values of dose rate for each detector
height for each area of contamination simulated, The values atr each
iocation must then be summed for each contaminated area and an estimate
of the effects of "far field" sources of contamination added to achieve
infinite field representation, Summation for each wall thickness are
presented in Tables 4, 3 through 4,7, There thus exist five experimental
values of infinite field dose rate for each height, and, since these five
values show excellent agreement, within normal experimental error, the
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FAR FIELD

/ OUTERMOST SIMULATED CONTAMINATION
/ CONTAMINATED AREA .

Figure 4,2 - Schematic Representation of Far Field Geometry

TABLE 4,2

RATIO OF "FAR FIELD" DOSE TO THAT OBTAINED FROM FURTHEST
EXPERIMENTAL AREA SIMULATED

Detector Height Ratio Detector t Ratio
(ft.) (ft.)
3.6 0, 568 21,5 0,574
6.0 0,569 26 0, 576
9.6 6. 570 < 0.577
14,0 0,572 33.3 0.578
18,0 0,573

average values may be used for puipnses of comparison with theory, See
Table 3,1 and Figure 3, 2 for the dosimeter positions,
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JASLE 4.3

Dose Rate Behind 0 Woll of Zero p.s.f. Thickness
(R/h)/(Cuvin/hz)
(Ses Figure 3.2)

H = 3.6 (haight)

FSTToN AREA T AREA 7 AREA 3 AREA 4 TAR FIELD TOTAL
A 79,3 5.8 45,7 32.9 187 233.4
) 83.3 51.4 449 32.2 18.3 230. !
C 85.6 50.3 2.9 32.7 18.6 231
D 88.5 4.5 43.6 k7 18.2 231.9
£ 93.4 48.2 43.6 32.0 18.2 235.4
Ave, 232.2
H = 6.0
POSITION — AREA T ARTA 2 ARTA 3 AREA 4 FAR FILLD TOTAL ‘
A 57.9 57.8 %.2 35.8 2.4 218.1
8 82.2 50.8 4.6 3.1 2.0 2i2.7
c 64.6 50, 1 44.6 35.8 2.4 215.5
D 7.5 48.3 4.6 341 19.4 23.9 ‘
£ 67.0 48.2 “u9 34.8 19.9 24,7
Ave, 250
H - 9.6
POSITION AREA 1 AREA 2 AREA 3 AREA 4 TAR EIELD TOTAL
A 39.6 52.2 47.4 36,1 2.7 199.0
8 422 45.9 45.8 37.3 213 196.5
< C 4.5 45,8 7.3 2.3
] 47.1 6.9 45,1 37.5 2i. 4 198.0
: E 4.8 4.8 45.8 3.8 21.0 197.2
j Ave, 197 7
H = 140 :
POTITION AREA 1 AREA 2 AREA 3 AREA 3 FAR FIELD TOTAL
A 25.7 47.9 47.2 39.6 22.6 183 C
B 28.1 45,0 4.3 38,7 221 180. 2
C 30.4 45,2 6.7 39,1 22.4 183.8
D 31.1 44 4 47.2 38,1 218 182.6
£ 32.2 44,2 4.2 36.4 219 182.9
Ave., 182.5
H = 15.0
FOTTION AREA “XRER T ARER 3 AREA 4 TAR FIELD TOTAL
A 191 42 .4 4.8 40.7 23.3 172. 2
) 20.5 40.7 .2 38,9 2.2 168.6
C 221 40,2 45 8 39.6 2.7 170. 4
D 23.7 39.5 45 5 3%.1 22. 4 170.2
3 24 4 40 3 45.4 39.2 22.5 17G.0
Ave. 170.7
H =208
mSIT!ON AREA 1 AREA 2 AREA 3 AREA 4 FAR FIELD TOTAL
A 15.6 37.8 47.0 40.7 23.4 164, 5
15,3 37.8 45 9 3%.6 22.7 160. 3
C 17.4 37.5 45,8 39.9 22.9 163.5
D 17.2 3.7 5.6 38.9 22.3 160.7
E 18. 4 3.4 453 38. & 22.3 161. 2
Ave. 823
H o= 2.0
POSITION AKEA 1 AREA 2 AREA 3 AREA 4 FAR FIELD TUTAL
A 1l 34.6 456 40.9 23.5 155.7
-] 11,8 33.0 44,2 39.6 22.8 151 4
C 12,2 34.3 44,3 39.4 2.7 152.9
D 12.1 R 45 3 39.6 2.8 149, 7
E 12.8 3.7 45 3 394 2.7 1529
Ave. 13275
Ho: 300
FOVIYION AREA | AREA T AREA 3 AREA 4 r FELD TOTAL
A 9.1 3.7 44 8 40 9 236 149 )
B 94 9.3 44 4 40 27 242 146
C 99 29.8 44 ! 19 ¢ 2.8 146 4
D 99 29 2 43 7 40 2 PR 146 2
t 9.7 9.1 43 6 KA 4 22 145 O
Ave 46 5
HoJdsd o
FOTTION 13143 XL % 1314 111X BRI e tvi 7Y
A i 29 1 344 al 4 e NS
] 7 8 2 & 41 n 4 R 1iv &8
C 8 2 27 4) 4 397 o i4!
) 84 % 4 28 9 9 251 140 o
3 ) Ty 451 ey 2V (]

Ave 141 4




TABLE 4.4
Dose Rate Behind o Wall 8f 49 p s f. Thickness
{R/hr)/(Curie/f D)
(See Figurs 3,2)

H = 3.6 {height)
TION AREA | AREA 3 AREA 3 AREA 4 "FAR FIELD TOTAL
A 46 15,9 1.¢ 7.9 45 54,5
B 16.3 149 12.1 8.0 45 55,8
C 16.3 13.3 n.3 7.6 43 52.8
] 16. 4 12.4 1 7.4 4.2 51.5
£ 19.7 14.0 12. 4 8.3 4.7 59.1
Ave. =7
H =60
. - ST AREA AREA % AREA 3 AREA 4 “TAR FIELD YOTAL
A 8.4 14.5 12.2 8.4 48 48.3
B 9.9 13.5 121 3.8 5.0 4.3
c 10.8 13.1 12,0 8.5 4.8 49,2
. . ) 10.7 12.0 1.8 8.4 4.8 4.7
£ 105 1.8 1.0 7.8 4.4 45.6
Ave, a8
H o= 9,6
FOTION REA T AREA 2 AREA S AREA 4 FAR FIELD ~OTAL
A 5.2 12.5 12.3 9.2 5.2 a4
P 5.8 12,4 12.2 9.2 5,2 4.8
c 3.6 12.2 12,4 9.5 5.4 4.1
D 5.7 12.1 12.1 9.2 5.2 5.3
3 6.7 1.5 1.8 o8 5.0 3.2
Avs, m
H = 14
POTTION APEA 1 AREA 7 AREA 3 ARTA 4 “FAR FIELD YOTAL
A 2.7 10.2 1.8 9.3 5.3 9.3
B 3.4 10.8 12,3 9.7 5.5 4.7
c 3> 10. 4 12.4 9.8 5.6 4.7
) 3.6 10.5 12.0 9.7 5.5 41.3
E 38 10.0 1.8 9.6 5.5 40,7
Ave m
H = 18"
POSITION AREA 1 AREA 2 AREA 3 AREA § "FAR FiELD ‘T3|5_L
A 1.5 8.8 12.1 10.0 5.7 38.1
B 1.9 9.0 11.8 9.8 5.6 38.1
C 2.1 8.5 1.8 9.3 5.6 37.8
o 2.1 8.4 1.2 9.2 5.3 3.2
E 2.2 8.6 v g .7 5.6 37.9
Ave, 37.6
H = 21.3%
POSITIUN AREA ! AREA 2 AREA 3 :itA 4 FAR FIELD TOTAL
; 0.95 6.9 1.2 --
8 1,2 7.6 1.4 9.9 5.7 35.8
C 1.2 7.4 11.6 9.6 5.5 35,8
D 1.4 7.1 1.1 9.3 5.3 34,2
£ 1.5 7.4 1.2 9.4 5.5 35.2
Ave, 3'5_3
H = 26
FOSITION AREA T AREA 3 AR ARCA S TAR FIELD TOTAL
A 0.57 5,92 .3 $.7 5.6 3.1
B 0.74 5.88 10.9 9.9 5.7 31
C 0.7 5.5 1°.7 9.5 5.5 32.0
D 0.75 5,76 10.5 9.4 5.4 32,0
E ) 5,04 1.0 9.6 5.6 33.0
Ave. 37_6
H - X
FOTITION AREA 1 AREA S g\ 17% AL YRR TITLD YOTAL
A n, 42 4,28 10.6 9.8 5.7 .0
3 0,49 49 10.6 97 5.6 31.0
C 0.% 49N 10,5 9.8 5.7 31.0
o} Q, 5% 4,93 10,7 ¢.8 5.7 a7
E 0.7 4,94 10,7 9.8 5.7 n.7
Ave. 313
il 33,3
pTIoN I 12 ARTA 7 ARER 5 RER T FAR TIELD. —YOTiL
A (LA 4.5 0.6 105 6.1 32.3
B 0.3 4. 4> 10,6 99 3,7 3.0
C 0. 47 4.5} 1. 4 V.8 5.7 .0
D 0. 40 4. 18 9.9 9.8 57 X.0
t 0. 38 408 10.6 9.V 5.7 3to




TABLE 4.5

Dose Rate Behind a Wall of 90 p,s.f. Thickness

(R/he)/(Curie f+2)
(See Figure 3.2)

H = 3.6 {telaht) ‘
mm-‘—"—gw KA 7 Ay AT FARTIELD.  YOIAL

A
A 42 5.00 3,68 2,18 )24 16,32
] 4.65 4,70 3.5 2.20 1,25 16.37
C 4,69 4.34 3.60 2.09 .19 15,51
()] 4.% 4,05 3.4 2.06 .17 15,64
£ 5.25 4% 3% 2.2 1.3 16,93
Ave. V353
H =60
AFEA 1 AREA 2 AREA S AREA 4 TAR FIELD YOYAL
A 2.3 4,29 3.48 2.4 i, 39 14.10
8 .79 4.2 4,01 2.45 .39 14.90
I C 2.7 3,64 3,47 2,42 1,32 13,51
) 2,79 3.59 3.46 2.2 1. 32 13,48
E 2.78 3.58 3.3 2.7 1,28 13.20
. Ave. W
i H=9S5
1 POSITION AREA 1 AREA 2 AXEA 3 AREL X TAREIED . TOTAC
{ A L2t 3.9 Ln 2.43 1,49 12,95
j B 1.38 3.74 3,51 2.61 1,48 12,72
3 c 1.42 3.61 448 2.64 1.50 13.65
g i 1,62 3,43 3.53 2.59 1,47 12,57
4 £ 1.5 1% 344 2.5% 1,43 12,31
L; Ave. TZ2.30
H = 14,0’ _
EOTTON AREA 1 AREZ 2 AREAJ AREA 4 "FAR FIELD TOTAL
A .49 2.70 3. 46 2.h4 i.5i 10,80
B .63 2.80 3.67 2.69 1,54 11.33
¢ .t8 2.90 3.60 7.65 1,52 11.35
) .70 2 83 3,4 2.69 1,54 1.22
3 .7 2.88 3,56 270 1.54 142
; Ave. [
' _ _H=180
E)SmON T AREA ] "AREA 2 ~AREA' ] AREA 4 TARTIELD . YOTAL
A .27 2.32 3.62 2.88 1.65 10.74
B 35 2.31 3,53 2.79 1.60 10. 58
¢ 35 2.2 3.40 2.78 " 59 10. 38
) w7 2,20 3,39 2.66 1.52 10,14
£ 40 2.40 3,50 2.7 1.58 10.464
. Ave. 753'5
Hoe 218
FIYTON AREA “AKEA 3 ARTA 3 F IS FARFIELD YoYRD
16 1.83 5,25 2.60 1,53 9.43
4 .20 .93 3.39 2.%6 bS53 9.
c 22 193 315 2.4 191 9. 44
] .24 2,00 3.25 2.68 1,04 9. 71
3 .24 1,94 3. 16 2,55 1,46 9.35
Ave, Tﬁ
Ho= 26
FXWION — TAREA] TREA 2 AREA 3 . ARTA 4 “FAR FIELD TOTAC
A L 0% 1.3 317 2. 72 157 8,97
8 i 1,45 3,02 .72 1,7 H.87
C 12 1.42 3,15 2.7 1, 26 4. 95
D 12 1,47 3,05 2.67 HY | 5 7
E .14 1.50 3 2N [ 912
Ave. ROT
H 0 o
pOSTYION ARLA | RREA 3 RREA T oot FARTELD ~ 7 TR
A 0,060 b 06 2. BR P 3] 1 a2 w47
B 0.072 1,48 1ol 2 n 1oy .
C 0.076 113 102 2.0 [} Ho
D 0 84 it7 Jo P4 1 oa H. 64
t J.048 y.22 5. 18 PR |t v o4
Ave  R&T
4} 3.
LI M (w1 3] 13129 It e Y| g W AT TS YT
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TASLE 4.6

Dote Rote Behind o Wall ¢f 147 p s f, Thickness
(R/hr)/(Curie 1 714)

(See Figure 2.7)

4 = 3,6'(height)

FOTTION AREA T AREA 2 “ANEA 3 RRA 4 TAR PR TOTAL
A 1,15 1.47 1.07 0.65 0.37 4.7
B 1.29 1. 36 1.01 0,60 0.4 1,54
C 121 1.23 0 % 0.61 0.35 4%
] 1,49 V.20 0.97 n.60 0. 34 4.60
E .37 1.20 1.05 Q.62 Q.3 2,59
Ave, r s
H = 6,0
vOSITION AREA 1 AREA 2 AREA 3 AREA 4 TAR FIELD TOTAL
A 0.55 1,32 1,04 0.69 0.39 3.9
8 0.63 V.19 1,00 D.68 0. 3% 3.89
C 0,64 1.08 0. 94 0.64 0,3 .66
D 0.66 1.01 0.93 0,63 0.3 3.59
3 0.64 0.94 0. B8 0.60 0.34 3.4
Ave, kil
H = 96
FOSTTION AREA T AREA 2 ARA 3 AREA 4 FAR FIRLD TOTAL
A 0.2 1.07 1.93 0.75 0.43 3.54
3 3,31 0.97 .99 0.72 0. 4} 3.6
C 0.34 0.79 1.00 0,73 0,42 3.48
D 0.36 0, 94 0.97 0.7} 0. 40 3.18
[3 0.37 0.92 0.% 0.72 0.4} 3,38
ave, 3.4
H = 14,0
PORTTON TRREA 1 AREA 3 AREA 5 AREA 4 FAR FIELO TOTAL
A .095 .739 L9L8 V763 439 3.00
8 A2 749 971 L7 .43 3.04
C K 743 . 974 . 768 439 3.06
D L1471 .738 .97, . 785 449 3.08
3 . 143 .730 . 960 770 . 440 3.0
Ave 3_62
H = 18
MION AKEA | ANEA & AREA 3 AREA 4 FAR FIEEB YOTAL
A .052 V535 955 805 .46 2 .81
B L0672 .603 . 943 787 .45} 2,85
C . 068 .57 .935 774 443 2. %0
D .07 L 564 . 889 L7461 424 2.09
3 079 . 5%0 L9 .778 . hdd 2.8
Ave. m
H - 215
BTTION Iy AREA S AREA ARTA 4 1184180 TCTAL
A 03 A IR 784 430 107
B [¢R".3 47 fo7 76 L4357 283
C 039 57 882 75% 434 2.4
D 042 480 867 7 450 2. .4
£ Q40 .00 838 742 A7) 2.3
Ave. 2‘33
H 26
PUSITION AREA AREA © AREA & T RTA R TAR Fiti 0 TOYAL
A ik ne 414 ™y 4ai 2.
[] ual iy b 75? 43 2 e
“ 342 447 L] 89 4 ¢ 8
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Spencers has calculated the dose rate that would be measured
by a detector located behind a vertical wall, subjected to a semi-infinite
field of contamination {as in this experiment) extending from the base of
the wali to an infinite radius for both cobait and fallout radiation, The
function W(x, d) defined by Spencer is equivalent to one-half of the dose
rate that would be received by a detector located between two infinitely
high and wide walls due to a semi-infinite source field located on each
side, While a direct comparison between W(x, d) and the experimental
data moy be made, the vertical wall barrie- facior, B(xg, h), is rhe parameter
that we wish ultimately to evaluate, This parameter is referred to in
"Engineering Manual Style Calculations”, % & 4, 5 and is numerically equal
to twice the function Wi{x, d),

Table 4,7 and Figure 4, 3 summarize the average values of the
expzrimentally measured dose rotes of Tablazs 4, 3 through 4,6 normalized
to the source density that would produce one R/hr at @ 3 foot detector
height, if the field were infinite in extent, and presents the theoretical
values of W(x, d) for ccbalt radiation thereoy permitting a direct comparison,

The experimentc! values shown in Table 4,7 agree very well
with the calculated values for dose variation with height, However, while
the experimental reduction factors are in excellent agreement with theory
for the O psf barrier, discrepancies of 12, 18 and 24 per cent exist for the
49, 98 and 147 psf barriers -espectively, The experimental results are
lower in all cases. It is of interest to note that the experimental barrier
factors aie equivalent to attenuation provided by calculated barrier
factors of 53, 106 and 159 pst wails, as illustrated in Figure 4,4, Thus
the experimentally measured barrier factor is equivalent to that calculated
theoretically for a mass thickness of 108 percent of actual thickness in each
instance, This result, as it is proportional to wall mass thickness, might
be attributed to errors in either the cross section of the barrier or the energy
spectrum of the incident radiation, The detailed method of calculation
used to generate the theoretical estimates of Wix, d) ossumed that the spectrum
incident on the wall was the same as the source spectrum rather thar that
actuoily existing at the wcll-air interface, This assumpticn was expucted
to produce values of barrier attenuation thot were conservative in nature,
That this actually crcurs is thus confirmed by the experiment,

The discrepancies noted above between theoretical and experi-
montal results are of the order of 12, 18 and 24 percent, This difference
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TABLE 4.7

BARRIER ATTENUATION FACTOR W(x, d) FOR COBALT RADIATION

Wi{x, d)

Height X =0 psf
Above
Ground| EXP, NBS 42 | EXP, NBS 42

X = 49 psf X = 147 psf

EXP, NBS 42 | EXP, NFPS 42

3.6 .53 .53 .13 14
6.0 .47 .48 .11 13
9.6 .43 .43 |1.098 11
14 39 .39 |.089 .10

.037 ,042 }§.010 ,013
.03¢ .038 f.008 ,Ol1
.028 ,033 |.0074 ,0098
024 ,030 |.0067 ,0086

18 ‘# .37 .37 ||.081 093 1,023 ,027 | .0060 ,0079
21,5 || .35 .35 ||,076 ,087 J.021 ,026 |,0056 .0074
2 .33 ,33 |,o70 ,082 |[,019 ,025 |[.0052 ,0069
0 | .31 .32 |.,068 ,077 |.018 ,023 || .0049 ,0065
33,3 .30 .31 M.w .074 || .018 ,022 | .0049 ,0063

is sufficiently above the expected experimental error of slightly undsr + 3%
(See Section 3, 1 and Appendix A) that it may be concluded that ihe presenr
methods of calculation are conservative,

4,3 FINITE FIELD BARRIER FACTORS

In the calculation of the shelter afforded by structures from
fallout gamma radiation, interest is often directed toward structures sub-
jected to finite fields of contamination, The Engineering Manual method
of computing the dose expected from finite sources of radiation in the
center of a structure is based on a simple correction to the infinite plone
results,

The basic assumption made in treatirg finite sources is that
non-wall-scattered and wall-scattered radiation must be treated differently,
Non-wall-scattered radiation in a structure depends on the solid
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angle (wp ) subtended by the source arec, at the detecior position, since
it is composed mainiy of radiation which hievels directly from scurce 1o
detector, In the case of wall-scattered radiatior, however, the wall

acts as a secondary source, The amount of radiation impinging on the wall
is a function of the solid angle fraction subtended at the center of the
wall by the sc srce area, The radiation scattered in the wall and reaching
the detector depends or the solid angle of the wali as viewed by the
detector, thus the wall-scattered radiation depends on two solid angles,

In calculating the non-wall -scattered radiation from a finite
source the geometry factor, which is obtained by differentiatir.g between
the response for the outer c'imensions of the source area and the response
for the inner dimensions, is multiplied by the barrier factor for the infinite
plane source:

c, = [G O I ,H)] [1 -sw@e)] B &x . H)

where w'p is the solid angle fraction subtended at the detectcr by the
inner dimensions of the structure and W'} is the solid angle fraction sub-
ten:ied by the outer dimensions of the contaminated area,

In calculating the contribution from wall-scattered radiation,
the G curve is used for the geometry factor in the case of limited fields
since the geometry factor for wall scattered radiation is assumed to be
independent of the source geometry because of multipie scattering in
th: wall, The geometry factor for wall-scatterzd radiation thus must be
multiplied by a barrier factor for finite sources to account for the finite-
ness of the contaminated area,

G, - [Gs%) + G, w} 5, ) Bug oy, x,)

The barrier factor Bwg (w5, x. ) for finite sourc:s is based on vnpublished
caiculations of Spencer, in which he calculated the dose rate behind a
wall due to direct radiation from semicircular sources, These semicircle:
ware concentric about a point at the base of the wall directly below the
center of the wall, The results are a function cf the wall thickness and
the solid angle fraction us/2 subtended by the source,
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It should be noted he e that the curves Bwg (ws, xe) which
appear in Chort 9 of the Engineering Manual and are designated as barrier
reduction factors for wall-scattered radiation for Limited Strips of Con-
tamination, are in actuality Spencer's data which includes both wall-
scattered and non-wall-scattered radiation, The designation given in
the Engineering Manucl refers to their use rathert han the make up, i.e.,
to be used only in calculating wall ~scattered radiation contribution,

The experiment described in fhis repori invoived the simuiation
of an infinite field of contamination by combining results obtained from
circular contaminaied annular areas and thus affords an opportunity to
evaluate the effects of finite fields of contamination, Unfortunate' -, the
theoretical estimates of this effect have only been computed for the fallout
energy spectrum while the experiment was performed using Cobal¢-60,
However, the relative effects of field size are expected to be quite similar
in both cases,

In order to compare the experimentally obtained results with
those calculated from theory, it was neccssary to calculate the solid angle
fraction subtended by the source area at the detector location at the middle
of the experimental wall in the horizontal direction, As was stated in
Chapter 3, the simulated contaminated areas consisted of quarter circular
sectors, whose centers coincided with the center of the test structure
rather than the foot of the wall, The contaminated area as viewed by
the detector at the center of the wall is as shown in Figure 4,5, The
solid angle fraction subterided by this area as viewed by the detector
is estimated as approximately equal to the average of the solid angle
fractions of the two circles defined by minimum and maximum radii, The
solid angle fraction w, therefore, as illustrated in Figure 4,5 is;

w=1- —'-b: + L
h? 4 2 h2 +r
‘ w o
2
L )
where:
h = detector height above ground

maximum radius of contaminated area as measured
from the center of wall

.,
o
ti
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Figure 4,5 - Approximation of Solid Angle Fraction

t = minimum radius of the contaminated area mecsured
from the center of wall

Unlike the infinite field results, only data obtained at the
center of the wall (Position E) (See Figure 3.2) may be used to datermine
the reduction fartors for limited fields, (Cnly Positio.: E is centered
relative to the field for small field radii). The normalized data for this
position are plotted in cumulative form in Figure 4,6 as a function of
solid angle for all barrier mass thicknesses investigated. The dashed
line shown in this figure represents computed values based upon the
fallout energy spectrum, While a direct comparison cannot be made
Letween theoretical values besed on fallout rau " ~tion and those experi-
mentally measured using Cobalt-60 radiation, some indication of the
-elative agreement is possible, It is clear from Figure 4.6 that the
re.ative agreement is excellent for small fields of contamination, while
for larger fields of contamination, experimental values tend to increase
at a somewhat slower rate, causing the experimental curves to become
much flatter, The effect of air attenuation is clearly evident for
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detector positions of different heights for which the field subtends the
same soiid angle fraction, This condition occurred at several positions

on the curve, most notably where i-w =,05and .16, Here it can be
seen that the barrier factor B, (xe, ws), decreases with height for the

same solid angle, Note that B (xe, ws) is rot a function of height and
hence breaks down at large heights and consequently large air attenuation,
Agreement between calculated fallout results and experimental Cobalt
values is very good for the 0 and 49 psf cases, as might be expected

since the penetration data for fallout and Cobalt radiation are, for all
practical purposes, identical for concrete mass thicknesses below 80 psf,




CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 GENERAL

The purpose of this experiment has been to evaluate the
attenuation of ground based sources of radiation by a vertical slab sc
that the effect of this attenuation may be removed from later experi-
ments designed for the measurement of other shelter porameters, To
accomplish this task four series of experimental measurements were under-
taken, All of these series were identical except that the wali thickness
was varied from O, to 49, to 98 to 147 psf, Each test series was comprised
of the determination of barrier attenuation as a function of detector
height and size of the contaminated field.

5.2 CONCLUSIONS

The major conclusions that can be drawn from this work may
be summarized as follows:
B(xes h)

1. The agreement of variation of wall barrier factor, )
er =

with keight for all mass thicknesses with that predicted
theoretically is excellent,

2, The experimental value of barrier fac: or is found to be
approximately equal to the theoretical value for 108% of
actual vall thickness in all cases tested. The theoretical
values presently used in shelter calculations are thus
conservative,

3. The variation of wall attenuation with size of the contamini ed
field, while not directly comparable with any existing
theoretical estimates, is similar to that predicted for the
spectra of 1. 12 hr, fallout, particularly for walls of less
than 80 psf thickness,
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5.3 RECOMMENDATIONS

The major recommendations resulting from this study cre that,

1. The theoretical values of the barrier attenuation factors
for vertical walls that are presenily used, be continued
cs representing a conservative estimate of actual attenuation,

i
sffoct of limited rectangular as well ¢s circular strips of

]
contamination,

3. Theoretical estimates of the dose rate from limited circular
strips of cobait contamination be undertuken to correlate
with the experimenta} data presented,
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APPENDIX A

ERRORS ASSOCIATED WITH THE EXPERIMENTAL AND
ANALYTICAL TECHNIQUES

It is of interest to determine the probable etror associated
with this experiment so that judgements may be made as to the validity
of both the experimentol data itself and the conclusionsdrawn from the
analysis of this cata, For discussional purpose: the sources of error in
this experiment inay be ! mped into five basic categories, These are:

1. Insttumental errors (in dose measurement) caused by the
.arious conditions of weather, exposure rate, source strength
and exposure time encountered during the experiment,

2, Instrument errors associated with the minor variations of
manufacturing tolerances encountered in the production of
the large number of instruments used.,

3. Mecsurement errors in the mass thickness of the items tested,
4, Systematic errors due to errors in basic calibrations, etc,

5. Extrapolation errors introduced by the estimation of far
field results,

The error that is associated with the first three of these
categories has been discussed in Section 3, 1 of :his report and in
Reference 1, In these the standard deviation of instrument response under
a wide variety of atmospheric conditicas, dose rate and exposure fime
was measured, The standard deviction of any given instrument under all
experimental conditions encountered w: fourd to be 2. 3% and the
instrument to instrument variation lass than 2 percent throughout all
instruments used,

The standard deviation in test slab thicknusses, was found
to be one percent, This one percent in mass thickness, correspond. to @
stoandard deviation of from ~ne to two percent in dose rate, depending
upon the mass thickness, At higher mass thicknesses un error in the moss
thickness correspcnds to larger erron in the dose rate meusured (S7e
Reference 5),




Systematic errors, attributable to errors introduced during
the calibration of sources or detectors, are not expected to be present
in ¢ experiment of this type because the data reported is all normalized
to a condition measured with the same equipment, that of 464 (R/hr)/(curie/ft").
Thus, even though the experimental data is reported as a dose rate
or total accumulated dose, the actual normalization procedure requires
that these quantities be ratios of previously measured vaiues in the absence
of the structure to be tested.

The major source of ai.alytical error is that introduced by

the extrapolation procedure used to estimate the effects of a field of con-
taminotion extending from the outermost radius of that simulcted (452 fi)
to infinity. To estimate the effect of this "missing" contamination two
assumptions are made; first that the dose build-up factor, point source
to point detector, near a ground air interface may be adequately represented
Yy & polynomial expansion of the form B(up) = 1+0, 55 up, and secondly
that the attenuation introduced by a vertical wall to the contamination
existing beyond 452 feet radius is identical to that for a field of con-
tamination existing from 164 to 452 foot radius, To evaluaie the first
of these assumptions we may esrimate the amount of "far field radiation"
using various methods of approxima.ion. The fraction of the total dose
rate above an infinite field represented by the contamination existing
beyond 452 foot radius may be (1) determined from the experimental
data of Rexroad, (2) computed using the results of the moments calculation
of Spencer5, (the dose rate above the center of a cleared circle is
e~pressed by Spencer as L(p) where p is the slant distance from the edge
of the circle to the detector), and (3) computed by summing point source
point detector values using B{up) = 1+0,55 up as the dose build-up
factor as in the method of this report. The results of this manipulation
for two altitudes typical of the minimum and maximum investigated in
this study are illustrated ir Table A=1, The estimcte of far field con-
tribution used in this report ogrees somewhat better with the experiments
of Rexroad® than with the calculation of Spencer, The reason for this
may be attributed to the fact that Spencer's moment calculations were

~ performed in an infinite medium neglecting the effect of the density
intertace, This lack of density interface affect is expected to over-emphasize
the scattered dose contribution from the far field region,

The assumption thot the attenuation of o vertical wall is
“identical for radiation arising from the area beyond 452 ieet and from
the annulus extending from 164 to 452 feet may be the more tenuous




TABLE A-1

Fraction of Infinite Field Dose Rate Attributable to Contamination
Beyond 452 ft, Rodius and the Ratio of that Dose Rate to that
Attributcble to the Region Extending from 164 to 452 ft/radius

Height Fraction Data of Reference Retio
3 .C8 Rexroadé 0.5
3 A1 Spencerb 0.65
33 W19 Spencer 0,65
3 .082 This report 0.57

33 .157 This report ~0.58

of the two assumptions., This is because a larger portion of the total dose
arising from contamiraticn lying beyond 452 ft, radius would be caused

_ by scattered radiation and thus be of softer energy spectrum than that
arising from the annu! i area extending from 164 to 452 feet, The direct
and scattered portion of the tcial dose attributable to each area may be
caicuiated directly if the assumption as to butld-up factor is allowed,
The attenuation provided by the woll may, however, only be estimated
crudely, The unscattered radiation is obviously that of the source energy,
cobalt, Since this radiation originates at large disionces from the
structure, the mdiation arrives approximately parallel c the ground.

We may then use as an approximation of the atter.uation of these gamma
ray; the ottenuvation computed for paraiiel monodirection gamma rays having
an incident obliquity of zero dagrees, Most of tha scattered radiation
that reaches ihe well of the structure v:ill s'so similarly arrive paraliel
to the ground but with a lower energy spectrum, If we assume that the
energy of this radiation is near that of Casium 137, ws may then use as
an approximation the attenuation values for parailel moncdirectional
gamma rays of incident cbliquity of zaro degrees for Cesium radiation,
Data of this type is presented in Kefe:ence 5. Using these ussumptions
the dose rate behind the attenuating wal! may then be calculated, The
results of this calculation is presentad in Takle A-2 as the ratio of the
dose cttributable to rdiation origirating from sources lying beyond

452 feet radius to that arising from the 1564 to 452 foot mdius annulus




for various mass thicknesses ond detector heights,

g TABLE A-2
Far Field Dose as a Fraction of that Attributable
' to 164 to 452 ft, Annulus

e .«5:)‘»-1;:;.’3%’%):‘9%\1 S
) Gl

Mass Detector| Fraction % error attributable assuming zero
thickness | altitude _mass case ,

{psf) (ft.) As fraction | As fraction of infinite field
of 164~452 ft dose 5
this report | this report Rexroaf Spencer

] 3 0,568 0% - -- --

0 33 0, 578 0% - - --
50 3 0. 551 -3% ~0,25% | =0,25% ; -0,33%
50 33 0, 564 -2% -0. 31% -- -0, 38%
100 3 0.529 ~7% -0,57% | -0,56% | -0,77%
100 33 0, 541 6% -0, 94% ~ -1.10%
150 3 0,517 -9% -0,74% | -0,72% | -C, 99%
150 33 0,528 -9% -1.41% - -1,.71%

This table indicates that though the estimate of this far field dose (atiributable
to contaminatinn existing beyond 452 ft. rudius) within a structure of 150 psf
thickness may be in error by as much as 9% of that originating from the
164-452 ft. annulus, This error represents significantly less than two

percent of the total dos>. The situation improves further as wail thickness
decreases,

To summarize, the errors directly attributable to the exveri~
mental technique of this study are those of reproducibility, instrument
accuracy, mass thickness determination, and systematic errors introduced
by the technique, The standard deviation of wach of these errors have
been found to be about 2%, The probable error associated with all
thete sources of errors are thus;

P

#

+0,6745 {ogn?zn?aw?‘

= +2,2% for zero psf
« +2,5% for 150 paf

A-4




Similarly, the error in total dose rate associated with assuming
the attenuation of the vertical wall to be identical for radiation criginating
in both the far field region and the 164-452 ft, annulus is estimated as;

height
thickness 3 ft, 33 ft,
0 psf -0% - 0%

50psf | -0.3% - 0.3%
100psf | -0.6% - 1.0%
150psf | -0.8% - 1.6%

A-5
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